Abstract. Vertical profiles of aerosol and gas phase species were measured on flights near Hawaii on April 9 and 10, 1999, during NASA' s Pacific Exploratory Mission (PEM) Tropics B program. These measurements characterized aerosol microphysics, inferred chemistry, optical properties, and gases in several extensive dust and pollution plumes, also detected by satellites, which hart 1 o,ooo-gan trajectories back to sources in Asia. Size-resolved measurements indicative of aerosol sulfate, black carbon, dust, light scattering, and absorption allowed determination of their concentrations and contributions to column aerosol optical depth. A new Chemical Transport Model (CTM) that includes aerosol, meteorological fields, dynamics, gas and particle source emissions, a chemistry component (MATCH), and assimilated satellite data was used to predict aerosol and gas concentrations and the aerosol optical effects along our flight path. Flight measurements confirmed the "river-like" plume structures predicted by the CTM and showed close agreement with the predicted contributions of dust and sulfate to aerosol concentrations and optical properties for this global-scale transport path. Consistency between satellite, model and in situ assessment of aerosol optical depth was found, with noted exceptions, within •25%. Both observations and model results confirmed that this aerosol was being entrained into the marine boundary layer between Hawaii and California where it can be expected to modify the type and concentration of cloud condensation nuclei in ways that may alter properties of low-level clouds. These observations document the significance and complexity of long-range aerosol transport and highlight the potential of emerging CTM models to extend observational data and address related issues on global scales.
Introduction
In the past decade, increased interest in atmospheric particles (aerosol) has been generated in response to concerns over possible climate effects through their direct perturbation to the radiation budget (direct effect) [Charlson et al., 1992] or through changing the cloud microphysics and cloud lifetime [Albrecht, 1989] or their reflectivity (indirect effect) [Kaufman and Fraser, 1997] . More recently, satellite observations of rainfall suppression in clouds caused by combustion aerosol raise concerns over significant impacts on the hydrologic cycle [Rosenfeld, 1999 [Rosenfeld, , 2000 . Related effects due to the highly absorbing soot component appear to include the "burning off" of cloud tops in shallow cumulus that can result in enhanced regional heating in polluted air masses [Ackerman et al., combination of vertical profiles and short horizontal •egs. This approach was very successful, and we were able to investigate dust and pollution plume properties with state of the art instrumentation aiter •-10,000 km of transport from Asia. Here we focus upon the aerosol measurements and related aerosol model products for this flight.
In recent years, new satellite (AVHRR, SeaWiFS) and model products (MATCH [Rasch et al., 1997], NAAPS-Navy Aerosol Analysis and Prediction System, see http://x•xvw.nrlmry. navy. mil/aerosol/Docs/globaer_model.html) have emerged that help resolve contributions to the remote troposphere aerosol and gas concentrations. These are run in an analytical mode and more recently in a predictive mode [Collins et al., 2001 ]. These also use procedures to estimate associated optical effects. Some large experiments (ACE-2, TARFOX, INDOEX) have assembled the tools and data to challenge these model products but they have all operated within about 1000 km of the sources or less [Collins et al., 2001 ]. These near-source measurements make aircrait interception of elevated concentrations more predictable and more readily detectable. However, global environmental issues require that these products ultimately be compared and interpreted aiter atmospheric processes have acted over far greater distances. The opportunistic interception of a major continental plume aiter 10,000 km of transport with our PEM Tropics B ferry flight provides a unique data set with which to characterize such plumes and explore both model and satellite interpretations. These are not presented here in terms of a validation of model or satellite products since the flight plan for the experiment was not optimized for that purpose. However, these data provide a basis for evaluation of model performance in terms of extended global-scale aerosol transport. The observations presented here are encouraging for the potential application of these new CTM models to global issues involving aerosol effects, chemical transport, and satellite interpretation.
Aerosol Measurements
Aerosol measurements during PEM Tropics B aboard the NASA P3 included condensation nucleus (CN) counters measuring CN concentrations at ambient and 300øC. The latter refractory CN (RCN) are typically soot, dust, and seasalt and are all surface derived and the ratio of RCN to CN provides a gauge of the surface derived contribution to CN. A laser optical particle counter (OPC) sized particles from 0.1 to 4.0 •n, and a differential mobility analyzer (DMA) provided sizing of "dry" particles from 0.01 to 0.28 [xm. Both instruments were heated to three temperatures chosen to reveal characteristics of sulfate and refractory aerosol based upon size resolved volatility [Clarke, 1991] . Sizes were accumulated typically over periods of 1-3 min. A Gerber (PVM 100) probe was used on the wing to size larger ambient particles including cloud water droplets to yield liquid water content.
Light scattering at three wavelengths (450, 550, 700 nm, TSI 3070 integrating nephelometer) and light absorption (Radiance Research, PSAP) established aerosol scattering and absorption coefficients. When these two optical properties are added, they define the extinction coefficient, and the ratio of the scattering coefficient to the extinction coefficient also defines the aerosol single scatter albedo c7. This is an important parameter for modeling aerosol radiative effects [Quinn et al., 1995] and is independent of concentration. An impactor with a 1-grn aerodynamic cutoff size periodically removed large particles from the airstream to establish their contribution to the scattering coefficient and c7. This provided separate assessment of the scattering caused by total and submicrometer particles. This aerodynamic cutoff size for unit density spheres will be nearer 0.75-[xm geometric size for the dust encountered here.
Particle size and volatility can be used to assess aerosol mass and infer chemical composition needed to estimate refractive index and optical properties [Clarke et al., 1996] . These estimates can be compared to measured dry optical properties as a test of consistency in the calculations and approach. Further allowance for aerosol water uptake at ambient RH based upon inferred chemistry is needed to determine ambient aerosol extinction and ambient optical depth [Clarke et al., 1996; Quinn et al., 1995] . The resulting ambient characteristics can then be linked to CTM model parameters and/or to upwelling radiance retrieved from satellite. In this fashion model products and satellite retrievals can be compared to in situ data.
Model Characteristics
Later we will compare our PEM Tropics B data with a model and data assimilation procedure described in Collins [Stowe et al., 1997 ] is used to adjust the aerosol fields predicted by the model through an assimilation technique. Evolution of the aerosol field is driven by meteorological fields from a numerical forecast-center product. This procedure produces a global aerosol data set consistent with the measurements "regular" in space and time.
Where there are no satellite measurements, the model aerosols are a combination of assimilated values introduced into the data set upstream in space and time with the values the model would predict in the absence of any observations. The estimate is relevant to a precise place and time because the meteorology is constrained to agree with observations. The procedure can be used to produce an aerosol "forecast" where aerosol distributions are predicted some short time into the future (the meteorological specification comes from a combination of operational numerical weather prediction center analysis and forecast products). Alternately, it can generate an "aerosol analysis" where the distributions represent an optimal estimate for some period in the present or past.
The assimilation procedure produces estimates for four aerosol species: dust, carbonaceous (elemental and organic), sulfate, and sea salt. Dust is resolved into four size categories column-integrated aerosol optical depth for each species at 6-hour intervals.
Biases in the aerosol estimates can be attributed to errors in emission inventories, errors in the meteorological specifications, and errors in the model transport and removal processes. These can be examined in a methodical fashion, but this assessment is extremely difficult to perform quantitatively, and it has not yet been done. The assimilation procedure acts to reduce the bias introduced by these errors by adjusting the distributions in an optimal way to agree with observations. Because the observable (currently the aerosol optical depth reported at a single wavelength) used in the assimilation represents a vertically integrated quantity, the adjustment procedure is significantly underdetermined. Plates 2a and 2b reveal a pronounced layer near 2 km with large numbers of both coarse and fine aerosol present at low relative humidity (RH) (<10%) (Plate 2f). This is consistent with our typical observations of coarse particles in dry "dust" layers aloft. The surface layer also has coarse and fine aerosol but at much lower concentrations, and it has the high RH characteristic of the MBL. However, it is important to note that the highest accumulation mode number below the inversion is evident near 1.2 km (Plate 2a) with concentrations decreasing toward the surface, indicating a source aloft. The coarse aerosol at this altitude (Plate 2b) also decreases to reach a minimum near 0.8 km. However, the increase in coarse particle volume but not in fine particle number below 0.8 km is what would be expected for an additional near surface source of coarse sea salt. These observations clearly indicate that the pollution/dust layer above the inversion is being entrained and mixed down into the MBL. This is also evident in the MBL values for light absorption being higher near 1 km than the surface (Plate 2c). Since both fine and coarse modes should be entrained together, the relative fraction of coarse and fine plume concentrations mixed into the MBL should be similar to the light absorbing aerosol (about 30%).
The pollution/dust layer near 3.0 km has an intermediate RH value near 25%, and all particle sizes show low concentrations. Above that altitude, fine particles start to increase again in another dry layer but with a lower concentrations of coarse particles than the 2-km layer. Air above 4 km has moderate RH, consistent with climbing into a moderate RH, consistent with climbing into a higher water vapor region (Plate l c), and the higher CN. However, the lower light scattering reflects a transition to much smaller particles. Even so, the increasing RCN ratio and detectable absorption above 3.5 km indicate a combustion aerosol. This is in contrast with the "clean" air near 5 km with low RCN ratio seen on flight 17 the previous day (Plate 2e).
Plume Microphysics and Optics
This vertical structure is also expressed in the aerosol optical properties including the light scattering coefficient, absorption coefficient, and single scatter albedo shown in Plate 2c. The periodic sharp drops in scattering coefficient evident at various altitudes are the effect of using the impactor to remove large particles in the nephelometer during a horizontal "stair-step" leg. This procedure confirms that at least 60% of the light scattering in the main plume is due to coarse particle dust larger than 1 gin. However, the aerosol light Size distributions averaged over the horizontal legs during the stepped ascent are shown in Figure 3a at scales that emphasize the submicrometer accumulation mode and its volatility. These are shown for three temperatures chosen to reveal total dry (20% RH) aerosol (light gray), after removal of lowtemperature volatile aerosol like sulfuric acid (gray, 150øC), and after removal of sulfates and organic components (black, 300øC). The dry accumulation mode peak below 0.5 gm and the refractory dust mode above 1 gm are clearly evident. Between 1 and 2 km most residual material remaining at 300øC is in the shallow peak below 0.5 grn and typically includes the absorbing refractory BC (shaded). The lack of change in the volatile component between ambient (light gray) and 150øC (gray) suggests an ammonium bisulfate aerosol [Clarke, 1991] . A similar volatile coating on the refractory dust aerosol is apparent between about 0.5 and 1.0 •tm. This is consistent with individual particle analysis that has found that 50-80% of dust particles downwind of Beijing were coated with sulfate [Parungo et al., 1995] . This would increase the role of sulfate associated with the dust in addition to the accumulation mode sulfate estimated from submicrometer aerosol volatility.
These dry size and volatility data are used to infer sizedependent composition that allows calculation of scattering and absorption coefficients at 550-nm wavelength for the coarse dust and fine particle sulfate mix below -0.5 •tm. When combined, they provide an extinction coefficient for all size distributions during the ascent. This is integrated over height to get the cumulative optical depth profile for fine (sulfate), coarse (dust), and total aerosol shown in Figure 3b . To do this, we had to alter some particle diameters and refractive Note that all numerical methods, no matter how accurate, have difficulty resolving features with spatial extent less than three or four cells. Therefore we anticipate uncertainties with MATCH simulating features less than about two hundred kilometers wide in the horizontal or less than a hundred meters or so thick in the vertical near the surface, or a few hundred meters thick near in the middle troposphere. This means that plumes with fine spatial scales will be diffused somewhat and that the diffusion will increase as the plumes leave the source region. One should not expect to resolve the position of transition regions (e.g., between polluted and pristine regions) to better than 1 or 2 grid points (about two hundred km horizontally, or a few hundred meters vertically) [Kalnay et al., 1996] .
It is also instructive to place model behavior in the context of the three-dimensional air mass trajectories that they encompass. A sense of the trajectories involved is revealed in back trajectories from every 5 min of the stairstep trajectory (Fuelberg et al., this issue). These are shown in Plate 4 along with two locations displaced 200 km to the north and south in order to illustrate the spatial sensitivity consistent with the expected model uncertainties mentioned above both vertical and horizontal representations. There are a number of important features evident in the trajectories as we move back along them. First, a day or so before reaching our profile location, the westernmost trajectories reveal some tight cyclonic activity near 35N, 145W (shown as 215E in Plate 4). These smaller features are not always well captured in the model products. As we continue back two or three more days, it is clear that trajectories go to 55N and ascend to the 400-600 mbar pressure altitudes. At -50N and 180E the trajectories are spread greatly in the vertical, implying air mixed over a range of altitudes. This is evident in both the vertical and horizontal presentations where cyclonic activity is manifest near Japan at 35N, 155E. The reliability of the trajectories and vertical position upstream from this cyclonic activity is probably degraded since they do not capture rapid sub-grid scale vertical transport in convection associated with the cyclones. Some trajectories encountered near 900 mbar on our stepped ascent show looping behavior consistent with passage through the cyclonic activity while others appear to be swept north around the system and over northern Japan. This system is part of the large scale cyclonic activity evident in the April 4 SeaWiFS image (Plate l a). Farther to the west the vertical trajectory presentation shows a number of trajectories nearing the land surface at 40N, 100E. This is the south central Gobi Desert in China, a well-recognized source region for these types of dust events. Hence a number of back trajectories for our stairstep profile clearly suggest surface dust injection from the Gobi desert followed by cyclonic activity near southern Japan. This could mix dust with polluted low-level air from China, Korea, and Japan before being lofted to-5 km for transport over the North Pacific prior to subsidence just above the marine inversion between Hawaii and California. In this rather simple but stringent comparison of threedimensional model performance the measured and model scattering extinction agree within the model variation more than 50% of the time in spite of a highly structured aerosol sampled at multiple altitudes over a 4000-km path. The largest disagreements are a model underestimate of the dust on the stairstep ascent and for the period centered around hour 24. In the first case we note that although significant dust concentrations with sizes clearly larger than 3 •tm were observed (Figure 3 [Rosenfeld, 1999 [Rosenfeld, ,2000 . The frequent occurrence of cross-Pacific aerosol transport events in the spring and this evidence for subsidence and entrainment through the inversion suggest that this condition is not uncommon. Hence there is reason to expect that this mechanism for rainfall suppression could also be possible elsewhere after over 10,000 km of transport downwind of the continents. Clearly, this is an example of how aerosol impacts could be expressed on global scales and examined through global CTM models.
Model Results

Model products for the
Summary
In situ measurements of aerosol and gas over the central Pacific provided clear confirmation of the 3-D river-like transport of Asian dust and pollution over scales exceeding 10,000 km. Back trajectories confirmed the complex dynamics that influence this transport. Even so, well-defined horizontal and vertical structure was preserved and identified both in the data and the model products. Differences in aerosol intensive properties such as r7 were evident with upper plumes that had more soot relative to dust having c7 near 0.9, while lower plumes with more dust had values near 0.95. This indicates that the dust has a proportionally greater contribution to scattering than to absorption and that the soot component dominates the absorption characteristics. This and the measured dust contribution to scattering (Dp>l •tm) with and without an impactor (Plate 2c) suggests that r7 for the dust component (r7 dust) alone is about 0.97+0.01 and that lower values for the total aerosol are due to light absorbing BC from corn- Also, the contribution of coarse particles to measured extinction in the layer was -60% of the total, as evident in the impactor data (Plate 2c, Figure 4b ). This is consistent with the coarse particle size distribution data and is much more than is present in the model which for this region had most of the dust mass in the submicrometer mode. Refinements in the model dust parameterization including the dust source and transport algorithms are underway.
We note that in spite of the strong influence on the light scattering coefficient by the coarse dust, the number distribution (Plate 2a) is actually dominated by the submicrometer fine mode that includes the soot, sulfate, and other combustion constituents. This aerosol was concentrated in a layer just above the inversion (1.3 km) and demonstrated to be entraining into the MBL from aloft. This type of combustion aerosol is very similar to those recently shown to have dramatic influence on suppressing rainfall [Rosenfeld, 1999 [Rosenfeld, ,2000 . This pronounced layer lies immediately above the altitudes common to California stratus (Plate lb) and could be expected to play a similar role in drizzle suppression and cloud lifetime enhancement over extended regions of Pacific. Hence, during periods of enhanced long range pollution transport aloft followed by entrainment and mixing into the MBL, it appears possible that cloud physical, chemical and optical properties could be perturbed by sources 10,000 km or more distant.
The observations, trajectories, and model outputs discussed here clearly demonstrate that aerosol and gaseous emissions must generally be viewed as three-dimensional rivers of material that stretch and distort during their transport. In spite of complex vertical mixing, transport, and subsidence, the new generation of model described here has tight coupling to wellresolved meteorological fields and appears able to capture the highly structured features of this transport. It provides qualitative and reasonably quantitative assessments of key physical, chemical, and optical properties of the aerosol.
At present no information is used to help the model infer aerosol composition or constrain the aerosol vertical distribution. Consequently, the assimilation adjusts all aerosol types uniformly in the vertical. In the future it is planned to utilize observations (multispectral measurements of aerosol properties and lidar data that provide information on the vertical distribution of the aerosols) as they become available. Even so, we feel this first-time validation of an aerosol model with very long-range transport in the free troposphere indicates promise of these new generation models to address current issues. It also suggests that similar models might be used as a tool to complement and extend satellite data products for regions of sparse coverage or regions obscured by cloud. The detailed models can, in essence, be viewed as a physically based method for interpolating satellite data onto a regular space-time grid or as a method for placing these data in a global analytical context. There remains a clear need for more systematic comparison studies of this kind over extended regions.
